Hydrodeoxygenation of bio-oil over Pt-based supported catalysts: importance of mesopores and acidity of the support to compounds with different oxygen contents3 The importance of the acidity and mesoporous structure to the hydrodeoxygenation activity of catalysts for bio-oil upgrading was investigated. By testing three model bio-oil compounds, we
Introduction
Bio-oil shows promising potential as a feedstock of hydrocarbon products to help reduce the current global challenges of fossil fuel shortage, climate change and environmental problems. [1] [2] [3] However, its high corrosivity, poor thermal stability, and low heat capacity impede the wide acceptance of bio-oil in many industrial practices. 4 Such poor oil quality is caused, largely, by the high oxygen content of its many compounds (up to 40%). Currently, several approaches, including the catalytic pyrolysis of biomass, zeolite cracking, and hydrodeoxygenation, have been developed to reduce the oxygen content of bio-oil. The biomass pyrolysis process can directly convert biomass to aromatics, but with a low liquid yield. 5 The catalytic cracking of bio-oil with zeolites mainly eliminates oxygen in the form of CO, CO 2 and H 2 O, which results in serious coking problems. 6 Compared to these two deoxygenation processes, hydrogenation, a well-developed petroleum refining technology, seems more desirable for bio-oil upgrading, because the oxygen in bio-oils can be efficiently removed as H 2 O during hydrogenation and most of the carbon is retained in the final hydrocarbon product, rather than resulting in coke on the catalyst. 7 In the traditional hydrogenation process, sulfided Co-Mo and Ni-Mo catalysts are commonly used to efficiently remove S, N, and O from oil. Under high temperature (.573 K) and high pressure (.8 MPa) conditions, saturated hydrocarbons can be mass produced. However, such harsh hydrotreating conditions are inappropriate for bio-oil hydrodeoxygenation. 8 Bio-oil would be quickly decomposed and polymerized under these conditions, resulting in a serious char-coke problem on the catalyst and a quick loss of its catalytic activity. Moreover, the low sulfur content of bio-oil compounds means it is not desired to use traditional sulfided catalysts for their hydrodeoxygenation. 9 Some recent studies have found that noble metal based catalysts showed a high hydrodeoxygenation activity at lower temperatures (473 K) and no need for a pre-sulfidisation, making them suitable for bio-oil deoxygenation. 10 However, further studies found that the physical and chemical properties of their support material play important roles in the catalytic activity of these catalysts. Various supports have been investigated, including alumina, silica, active carbon, and zeolites. [11] [12] [13] [14] Their various acidities and pore structures produced different catalytic activities when hydrodeoxygenating bio-oil. For example, an early study showed that Pt clusters dispersed on zeolite had a much better catalytic activity than those on alumina or silica when hydrodeoxygenating phenol-type bio-oil compounds. 15 However, for large bio-oil molecules, such as phenolic oligomers and dibenzofuran (DBF), their catalytic activity was insufficient. Our early study demonstrated that when Pt was impregnated on mesoporous supports, the hydrodeoxygenation activity for DBF could be greatly improved. 16 These findings suggest that both the acidity and pore structure might be important for catalysts in bio-oil hydrodeoxygenation. The mixture was further stirred for 2 h at room temperature and then transferred to a Teflon lined autoclave and kept at 423 K for 48 h. After crystallization, the solid product was separated by filtration, washed several times with DI water, and then dried at 373 K for 12 h in ambient air. After further calcination in air at 823 K for 5 h, the H-form of the sample was ion-exchanged three times with a 0.1 M NH 4 NO 3 solution at 363 K for 90 min (liquid/ solid ratio of 10 cm 3 g
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) with gentle agitation. The sample was then filtered, washed extensively with DI water, and dried at 373 K for 4 h. The dried zeolite sample was finally calcined in a quartz furnace by raising the furnace temperature from ambient to 773 K with a 1 K min 21 ramp rate and held there for another 6 h. The conventional microporous zeolite ZSM-5 was also synthesized through a similar hydrothermal process aforementioned, but without adding the TPOAC and CTAB. Pt was dispersed on Al 2 O 3 , ZSM-5, and MZSM-5 through an incipient wetness impregnation method. The Pt loading in all three catalysts was 0.5 wt.%.
Catalyst characterization
X-ray diffraction (XRD) analysis was done on a Bruker D8 Advance X-ray diffractometer, using Cu-Ka radiation at room temperature with instrumental settings of 40 kV and 40 mA. Data were recorded in the 2h range 5-50u with a 0.02u step size.
Scanning electron microscopy (SEM) images were taken on a Hitachi S-4800 instrument. Samples were prepared by dusting the zeolite powder onto double sided carbon tape, mounted on an alumina stub. All samples were subsequently sputter coated with a thin gold film to reduce charging effects.
Nitrogen adsorption isotherms were obtained at 77 K on a Micromeritics ASAP 2020 Surface Area and Porosity Analyzer in the relative pressure range from 0.05 to 0.99. Before measurement, samples were degassed at 573 K for 6 h. The total surface area of the catalyst was calculated according to the Brunauer-EmmettTeller (BET) method (note: the BET method may underestimate the specific area of a microporous zeolite 18 ). The mesopore distribution was obtained by the Barrett-Joyner-Halenda (BJH) analysis of the adsorption branch of the isothermal curve.
Hydrogen chemisorption was done on a Micromeritics ASAP 2020C instrument to determine the Pt dispersion on the support. This was done by calculating the difference between the two adsorption isotherms (strong H 2 adsorption) and extrapolating the curves to zero pressure, assuming H/M = 1 at the metal surface.
The acidity of the zeolites and alumina was evaluated by the classic reaction of 2-methyl-2-pentene (2M2P) isomerization, according to ref. 19 . The conversion and molar ratio of trans-3-methyl-2-pentene (trans-3M2P) to trans-and cis-4-methyl-2-pentene (trans-and cis-4M2P) were used to quantify the acidity (a high conversion and high molar ratio indicates a stronger acidity). The isomerization of 2M2P was undertaken in a quartz tube reactor and a mixture of 7% 2M2P in helium vapor moved over 0.1 g of the catalyst at 423 K for 10 min. The products were analyzed online on an Agilent 7890 GC with an FID detector using a 50 m HP5 packed column. Before the isomerization experiments, the catalysts were pretreated in a helium flow for about 1 h at 723 K.
Catalytic experiments
The hydrodeoxygenation experiments were performed at 473 K and 4 MPa in a fixed-bed reactor (10 mm in diameter and 420 mm in length). The catalyst (1.5 g) with a particle size of 250-420 mm was loaded into the reactor. Prior to the hydrodeoxygenation, the catalyst was reduced under a H 2 atmosphere at 733 K for 3 h, and then cooled down to the reaction temperature. The model compound, GUA, cresol, or DBF, was dissolved in n-tridecane with a 3 wt.% content and then fed into the reactor. The hydrodeoxygenation evaluation was done at four different liquid hourly space velocities (LHSVs): 1, 2, 4, and 6 h 21 with the H 2 /oil (oxygenated compounds plus n-tridecane) volume ratio fixed at 600. After the reaction reached steady-state, the products were analyzed off-line with an Agilent GC-MS 7890A-5975C using a 30 m HP-INNOWax column. The conversion of the model compounds was determined by the amount of reactant recovered after the reaction and the hydrodeoxygenation degree was determined by the amount percent of all the non-oxygen products.
Results and discussion
The XRD patterns of the mesoporous ZSM-5 (MZSM-5) and the common ZSM-5 samples (Fig. 1a) show well-resolved peaks which belong to the mordenite framework inverted (MFI) zeolite structure. The high adsorbed amount at low P/P 0 and the hysteresis loop at high P/P 0 (.0.4) are clearly shown in the nitrogen adsorption-desorption isotherms of the MZSM-5 sample (Fig. 1b) . This indicated that our MZSM-5 samples were zeolites with both micropores and mesopores. Moreover, a very narrow pore distribution centred at 3.6 nm was also observed for the MZSM-5 sample (see the inset of Fig. 1b) . In contrast, the conventional ZSM-5 sample showed only a type I isotherm, which is typical for microporous materials. The detailed sorption data shown in Table 1 indicated that the MZSM-5 sample had a much higher BET special surface area and pore volume than those of the ZSM-5 sample. From the SEM images, the MZSM-5 sample (Fig. 1c) exhibited a ''rounded boat'' shape, a typical morphology of MFI structured crystals, which was different to the tablet morphology of the ZSM-5 sample (Fig. 1d) . In order to compare the acidity of these samples, the model reaction of 2M2P isomerization over the catalysts was done. As shown in Table 1 , the MZSM-5 and ZSM-5 samples showed a similar 2M2P conversion and molar ratio of trans-3M2P to trans-and cis-4M2P, which were much higher than those on the Al 2 O 3 sample. In fact, no trans-3M2P was detected in the products of the Al 2 O 3 sample. This confirmed the comparable strong acidity of the MZSM-5 and ZSM-5 and the weak acidity of the Al 2 O 3 . The textural parameters and the acidity data summarized in Table 1 clearly show the presence of a mesoporous structure in the Al 2 O 3 and MZSM-5 samples while only a microporous structure for the ZSM-5. The hydrogen chemisorption results showed that the Pt dispersion on MZSM-5 and ZSM-5 is similar (33% for MZSM-5 and 32% for ZSM-5) while much higher on Pt-Al 2 O 3 (76%). The low Pt dispersion over MZSM-5 and ZSM-5 is believed to be the result of strong interactions between the zeolites and the PtCl 6 22 precursor. Fig. 2-4 show the hydrodeoxygenation performance of three bio-oil model compounds, DBF, cresol, and GUA, respectively. Fig. 2 shows the hydrodeoxygenation performance of DBF, a biooil component with only 9 wt.% oxygen content, over the three catalysts (Pt-ZSM-5, Pt-MZSM-5, and Pt-Al 2 O 3 ). All three catalysts were quite efficient for DBF conversion and hydrodeoxygenation, which is consistent with our earlier study. 20 The low oxygen content led to the easy deoxygenation of DBF on the Pt-based catalysts, so that the contribution from all three support materials was only marginal unless very high LHSVs (e.g., 4-6 h 21 ) were used. At high LHSVs, the Pt-MZSM-5 showed the best DBF conversion and hydrodeoxygenation degree among the three catalysts, with a nearly complete deoxygenation of DBF even at LHSV = 6 h
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. Pt-Al 2 O 3 also showed a very good hydrodeoxygenation performance with the DBF conversion reaching y98% at the . Both were much higher than that of the Pt-ZSM-5 with y81% DBF conversion. This suggests that for large size hydrocarbons with a low oxygen content, such as DBF (note: DBF has the largest molecular size of the three model compounds), a mesoporous structure is essential to attain a high catalytic conversion. A number of intermediate products were detected during the DBF hydrodeoxygenation. At low LHSVs, the major products include deoxygenated and saturated hydrocarbons such as bicyclohexyl and (cyclopentylmethyl)cyclohexane. With an increase in LHSV, the Pt-MZSM-5 still retained a high hydrodeoxygenation ability and almost no oxygenated hydrocarbons in its products. However, for the Pt-ZSM-5 and Pt-Al 2 O 3 , some oxygenated hydrocarbons were clearly detected, although the oxygen containing compounds were different. For Pt-ZSM-5, the un-reacted DBF was the main oxygen containing compound in the products, while aromatic alcohols or saturated aromatic alcohols dominated the oxygenated hydrocarbons in the products of PtAl 2 O 3 . This suggests that the strong acidity helps further improve the deoxygenation.
For high oxygen content compounds such as cresol, the difference in the hydrodeoxygenation performance of the three catalysts was more obvious (Fig. 3) . Compared to that of DBF, the conversion of cresol over all three catalysts was lower. Pt-MZSM-5 still exhibited a very high activity with the cresol conversion of y98% at LHSV = 1 h ) was in between the other two catalysts. With an increase in the LHSV, the conversion of cresol was only slightly reduced over Pt-MZSM-5 (change from 98% to 93% when the LHSV increased from 1 h 21 to 6 h 21 ). A similar reduction in the conversion also occurred on the Pt-ZSM-5 catalyst (from 93% to 80%). The cresol conversion over Pt-Al 2 O 3 was affected sharply by the LHSV (change from 85% to 24% when the LHSV increased from 1 h 21 to 6 h
). These facts suggest that the acidity of the support material becomes dominant in the cresol conversion. Moreover, Pt-Al 2 O 3 also showed a much poorer hydrodeoxygenation performance than Pt-MZSM-5 or Pt-ZSM-5. Over Pt-MZSM-5 and Pt-ZSM-5, the main products were methylcyclohexane and other alkylated cycloalkanes, while over Pt-Al 2 O 3 , the main product was the oxygenated hydrocarbon, methylcyclohexanol. This further confirms that a catalyst with a strong acidity has a better hydrodeoxygenation ability than a weak acidity catalyst, which is particularly true for compounds with a high oxygen content. The mesoporous structure allows a deep diffusion and adsorption of cresol, to reach more Pt active sites to Fig. 2 The DBF conversion (a) and deoxygenation degree (b) over three Pt-based catalysts. Fig. 3 The cresol conversion (a) and deoxygenation degree (b) over three Pt-based catalysts.
further increase the catalytic conversion. Therefore, the mesoporous ZSM-5 (MZSM-5) could further improve the hydrodeoxygenation of cresol with more oxygenated hydrocarbons than the conventional ZSM-5.
When further increasing the oxygen content, hydrodeoxygenation became difficult for all three Pt-based catalysts. Fig. 4 shows the conversion and hydrodeoxygenation activity of all three catalysts for GUA. As no oxygen containing compounds were detected in the products, the GUA conversion and hydrodeoxygenation degree have essentially the same value at all the experimental LHSVs. As shown in Fig. 4 , the catalysts with a strong acidity (Pt-MZSM-5 and Pt-ZSM-5) exhibited a better hydrodeoxygenation ability than the weak acidity catalyst (Pt-Al 2 O 3 ). The GUA conversion reached y98% for Pt-MZSM-5 and Pt-ZSM-5 and 91% for Pt-Al 2 O 3 at LHSV = 1 h
. The conversion of GUA decreased as LHSV increased for all three catalysts, and was affected most over Pt-Al 2 O 3 . For Pt-MZSM-5 and Pt-ZSM-5, a very similar GUA conversion (and hydrodeoxygenation degree) was found, which decreased gradually with an increase in the LHSV and reached y50% at LHSV = 6 h
. At the same LHSV, only y13% of GUA was hydrodeoxygenated over the Pt-Al 2 O 3 . This confirms again that the acidity of the catalyst dominates the hydrodeoxygenation of compounds with a high oxygen content, so that the contribution from the different pore structures of Pt-MZSM-5 and Pt-ZSM-5 is almost negligible. As the molecular size of GUA is slightly smaller than that of DBF, the low hydrodeoxygenation activity of GUA may be attributed to several facts or their combinations: (i) the oxygen content of GUA is too high to produce sufficient completely oxygenated hydrocarbons over MZSM-5 with its mesoporous size (y3.6 nm) and (ii) very serious coke problems on the Pt active sites of the catalyst. To tackle these problems, ZSM-5 with larger mesopores, other zeolites with a stronger acidity or their combination, would be desirable.
Based on the aforementioned results, supports with a strong acidity and relatively large pores are important for the catalytic hydrodeoxygenation of bio-oil. Pt-based catalysts are well known for their strong capability in hydrogen dissociation, even if partially poisoned. 21, 22 The acidic sites on the support material help retain such advantages, making Pt catalysts more resistant to poisoning when they are electron-deficient. 23 Therefore, Pt-based catalysts over strong acidic supports are always favorable for hydrodeoxygenation, particularly for compounds with a high oxygen content. The large pore size of the support materials allows the deep diffusion of aromatic molecules and their absorption around exposed Pt active sites, so that hydrogen spilt-over on Pt clusters can be immediately utilized during the hydrogenation. 24 This explains why Pt-MZSM-5 has the best hydrodeoxygenation performance for all three model bio-oil compounds. With an increase in the oxygen content, the catalyst acidity becomes the dominant factor, particularly for compounds which easily lead to polymerization and coke from oxygen hydrocarbons. With a similar acidity, supports with large pores (i.e., mesoporous supports) exhibited a further improvement in the hydrodeoxygenation performance, due to their higher catalytic conversion. Such findings provide important guidelines for bio-oil hydrodeoxygenation. The mesoporous zeolites with hierarchical porosity and strong acidity are generally preferred for Pt-based catalysts in biooil hydrodeoxygenation. However, because of the complicated composition of bio-oil, mesoporous zeolites with an appropriate combination of mesopores and acidity seem necessary. Considering the broad variety of bio-oil compounds from different synthetic routes (i.e., with different size and oxygen content), further investigation is needed to find out how the pore size and acidity of mesoporous zeolites affect the conversion and hydrodeoxygenation of major bio-oil compounds, particularly those challenging ones, like GUA.
Conclusions
We investigated the importance of the acidity and mesoporous structure of Pt-based catalysts to the hydrodeoxygenation of three model compounds of bio-oil. It was found that the strong acidity of the support material was essential for the hydrodeoxygenation of high oxygen content compounds. Relatively large pores on mesoporous zeolites could help overcome the diffusion and adsorption limitations on Pt active sites to further enhance the catalytic activity. For tougher compounds with an extremely high oxygen content, supports with stronger acidity, larger pores, or their combination seem necessary. Further precise tuning of the acidity and pore size is required to achieve a more effective hydrodeoxygenation performance for major bio-oil compounds.
1 Y. C. Sharma, B. Singh and J. Korstad, Green Chem., 2011, 13, 2993. Fig. 4 The GUA conversion and deoxygenation degree over three Pt-based catalysts.
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